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Abstract 
Cyclic voltammetry studies of electrodeposited thin films of bismuth (Pt substrate) indicate the 
possible generation of higher oxidation states of Bi (greater than 3 + ) in 1 M KOH, which then undergo 
chemical reduction to a Bi3+ phase. However, the higher oxides are not observed on splat-cooled Bi 
foil electrodes, suggesting that they can only form in a hydrous oxide-electrolyte gel-like interphase, 
produced by electrodeposited Bi films, which are known to have a high roughness factor. 
INTRODUCTION 
Since the discovery of high-temperature superconductivity, there has been 
renewed interest in the chemistry of bismuth oxides, as they constitute one of the 
few non-cuprate families of high T, oxides [l]. Traditionally, Bi has been known to 
exist in both the 3 + and 5 + oxidation states [2], of which the 3 + state is the 
most stable. However, the Bi oxidation states higher than 3 + in simple binary 
systems are not well characterized and have limited solution chemistry because of’ 
their tendency to oxidize the solvent. While the electrochemical iterature [3,4] 
rules out the possibility of the existence of the higher oxidation states of Bi in 
alkaline media (up to pH 13), in the solid state higher oxidation states of Bi have 
been stabilized in BaBiO,, which is a mixed valent compound containing Bi3+ and 
Bi5+ as revealed by crystallographic studies [5]. Recently, a new mixed valent 
phase Ba,,K,,3Bi,0, has been synthesized [6] in which Bi is in an average 
oxidation state of 4.7 + . 
The high stability of Bi3+, the tendency of Bi4+ to disproportionate, the 
ubiquitous presence of Bi5+ in a few chosen compounds and the role these 
oxidation states play in determining the superconducting behaviour in both cuprate 
[7] and non-cuprate [8] oxide systems have spurred renewed interest in the redox 
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chemistry of Bi. Espinosa et al. [9] have studied the redox chemistry of NaBiO, 
(Bi5’> and Bi,O, (Bi3’> in alkaline media and have compared the results with 
those obtained from Bi-containing superconducting oxides. This and previous 
studies [3,10] attribute the dominant redox reactions of Bi to the formation of 
different oxide/ hydroxide phases of Bi3+ and do not envisage the possibility of 
the existence of higher oxidation states. 
In this paper, we report the results of cyclic voltammetry investigations on 
electrodeposited Bi films in 1 M KOH, which suggest the possible existence of 
higher oxidation states of Bi in highly alkaline media (pH > 14). 
EXPERIMENTAL 
Preparation of Bi thin j%ns 
Thin films of Bi were electrodeposited on a Pt flag (surface area, 1.5 cm21 from 
a 0.2 M acidified BXNO,), solution. Prior to deposition, the Pt flag was degreased 
with detergent and rinsed alternately in concentrated HNO, and distilled water. It 
was then cleaned electrochemically by alternately polarizing anodically, cathodi- 
tally and again anodically in 1 M KOH (current density, 20 mA cmv2; 30 s). The 
electrode was then polarized anodically in 1 M HCI (20 mA cme2; 30 s) and 
washed with water. Deposition of Bi was carried out at a current density of 1 mA 
cmm2 for various times ranging from 5 s to 2 min resulting in thin Bi films 25-192 
monolayers thick. The thickness was computed using 4.64 A (1 A = lo-” m) as 
the pseudocubic lattice parameter of Bi metal. 
Cyclic voltammetry studies 
The freshly prepared Bi film was transferred to a plastic tank containing 50 ml 
of the electrolyte and fitted with a clean Pt strip as a counterelectrode. All cyclic 
voltammograms were recorded with a Princeton Applied Research model 362 
scanning potentiostat/ galvanostat hooked onto a Digital Electronics (India) x-y 
recorder. All potentials were measured with respect to a saturated calomel 
electrode WE) as reference. The switching potentials employed were from - 1.2 
to 0.0 V, the positive scan was carried out first. For each film the first and several 
successive cycles were recorded, and at least two films were studied under each 
condition to ensure reproducibility of film behaviour. The scan rate was varied 
from 5 to 100 mV s-i. For the cyclic voltammetry study with a rotating disc 
electrode, a Tacussel ED1 rotating disc electrode with a Pt disc (diameter, 2 mm) 
was employed. 
RESULTS AND DISCUSSION 
In Fig. 1, the cyclic voltammograms recorded for electrodeposited Bi films of 
various thicknesses in 1 M KOH are shown. The voltammograms of thin films (up 
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Fig. 1. Cyclic voltammograms of electrodeposited bismuth films of varying thickness in 1 M KOH. 
Curves (a), (b) and (c) correspond to 25, 40 and 620 monolayers respectively. 
to 200 monolayers) in the first and successive scans show three anodic peaks at 
-610 mV (A), -470 mV (B) and a broad feature centred around -300 mV (0. 
In thin films (approximately 25 monolayers) feature C is dominant, whereas in 
thicker films (more than 600 monolayers) feature C is totally absent. Clearly 
feature C originates from a surface species, whose proportion with respect to the 
bulk species decreases as the thickness of the deposit is increased. The observa- 
tions made on thin films (up to 200 monolayers) are in contrast with those of 
Espinosa et al. [9] who observed only two anodic peaks in their cyclic voltammo- 
grams of Bi oxides, which correspond to peaks A and B. These have been 
attributed to the formation of BiO; and Bi(OH), respectively from Bi’. In both of 
these species, Bi is in the trivalent state. However, there is no direct justification 
for the assignment of two peaks which have such widely varying potentials (140 
mV) to the same oxidation state. A possible indirect justification is that both A and 
B produce only one peak in the negative scan. This is evident in Fig. 2, where the 
switching potential has been varied appropriately to include first A and then both 
A and B in the following scan. In both cases a single cathodic peak A’, whose 
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Fig. 2. Cyclic voltammograms of an electrodeposited bismuth thin film at different switching potentials: 
(a) -0.55 V, (b) -0.45 V, (c) 0.0 V. Inset shows the cyclic voltammograms obtained at the switching 
potentials -0.7 V to 0.0 V: scan 1 (a); scan 2 (b). 
intensity increases on inclusion of B, is obtained. The alternative hypothesis, which 
envisages a chemical reduction of B to A, has not been considered previously [9,10] 
to explain this observation. Accepting this assignment, the reactions can be 
summarized as 
Bi” - BiO; + Bi(OH), steps A and B 
BiO; + Bi(OH), - Bi” step A’ 
In our experiments, a third anodic peak C (-300 mV) is also observed. Two 
additional features are associated with C in the negative scan: C’ (- 480 mV) and 
B’ (- 790 mV). When the negative scan is terminated prematurely before A’, no 
anodic peaks are observed in the successive scan, showing that species C is 
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Fig. 3. Cyclic voltammograms of a Bi film 25 monolayers thick recorded at a rotating disc electrode at 
different rotation speeds. 
obtained directly from Bi” and not from the trivalent bismuth formed at A and B 
(see inset to Fig. 2). There are three possible assignments for C: 
6) it may be due to a dissolution process; 
(ii) it may originate from another trivalent bismuth phase such as BiO(OH); 
(iii) it may originate from a higher oxidation state of Bi, possibly 4 + or 5 + , 
To examine whether feature C is due to a dissolution process, rotating disc 
electrode experiments were carried out using a Bi film 38 monolayer-s thick. In 
these cyclic voltammograms feature C is the most predominant species. The results 
are given in Fig. 3 and Table 1. It is evident that at no rotation rate is q,/qc 
greater than unity, thus eliminating the possibility of anodic dissolution. Even from 
purely chemical considerations, Bi is not expected to dissolve in high pH solutions 
as it is not known to produce any amphoteric species. Therefore feature C is not 
due to a dissolution process. 
The oxidation potential of a reaction such as Bi oxidation is dependent on two 
factors: (i) the oxidation state change brought about by the reaction and (ii) the 
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TABLE 1 
Anodic and cathodic charges as a function of the rotation rate for a Bi film 38 monolayers thick 
Rotation speed 
/rad s-l 
0 
2.1 
4.2 
6.3 
qa /mC qc /mC 4a 1% 
1.7 3.3 0.51 
1.4 2.9 0.47 
1.2 2.8 0.41 
0.67 2.4 0.28 
chemical environment of the product species. The effect of the former is expected 
to outweigh that of the latter. Accordingly the second factor would cause the 
potential of a Bi + Bi3+ reaction to vary depending on the exact trivalent phase 
produced. Thus the formation of phases such as B&O,, Bi(OH),, BiO; and 
BiO(OH) can be expected at slightly varying potentials. However, these differences 
must be small compared with the difference between the Bi --, Bi3+ and Bi + BP+ 
(n > 3) reactions. A potential difference of 170 mV between C and its immediate 
neighbour, observed in the present case, is too large to justify the origin of C from 
another trivalent bismuth phase. Therefore the only other possibility is that C 
could arise from a higher oxidation state of Bi. However, from the potential-pH 
diagrams of Bi metal [4] the existence of any oxidation state higher than 3 + seems 
unlikely and, in keeping with this prediction, the cyclic voltammogram of a 
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Fig. 4. Cyclic voltammograms of a splat-cooled bismuth foil in 1 M KOH. Broken line corresponds to 
the first scan and the full line to the reproducible voltammogram obtained after the seventh scan. 
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splat-cooled Bi metal foil shows only one anodic and one cathodic peak (see Fig. 
41, corresponding to the formation of Bi3+ and its reduction back to Bi” metal. 
Feature C only appears to be a characteristic of electrodeposited Bi films. 
Electrodeposited Bi films possess a high roughness factor [lo], and potential 
cycling of rough films produces a highly hydrated oxide-electrolyte interphase [ll] 
with an atomic dispersion of the metal oxide into the electrolyte. Such an 
interphase can essentially be viewed as a gel. Hydrous oxide media of this type in 
which the pH often exceeds 14 are ideally suited for the stabilization of unusually 
high oxidation states. Nearly quadrivalent nickel and cobalt have been obtained 
under similar conditions in alkaline nickel hydroxide [12] and cobalt hydroxide 
[13,14] electrodes, and Ru5+ and I#+ have been obtained in oxygenated pastes of 
KOH (pH > 14) [15,16] under conditions of anodic oxidation. 
The appearance of feature C is marked by the simultaneous appearance of 
features C’ and B’ in the negative scan. The proximity of B’ to A’ suggests that B’ 
is also essentially associated with a Bi3+ to Bi” reduction reaction, whereas C’ 
appears to be associated with the electrochemical reduction of species C. Since the 
cathodic peak current at C’ is much less than the anodic peak current at C, it is 
evident that the majority of the higher oxidation state of Bi is reduced chemically 
to a trivalent phase. 
The assignment of C to Bi4+ may be most reasonable as Bi4+ is known to 
disproportionate into Bi3+ and Bi5+. The Bi3+ component would account for the 
chemical reduction and C’ would then correspond to the electrochemical reduc- 
tion of Bi5+ to a Bi3+ phase. The Bi3+ produced both by the chemical and 
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Fig. 5. Cyclic voltammograms of a Bi film 200 monolayers thick recorded at different scan rates. Inset 
shows the representative plot of the variation of the peak current density (jPA,) as a function of ul/*. 
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electrochemical reduction of species C would be reduced finally to Bi metal at B’ 
and A’, whose currents increase proportionately. 
To delineate further the mechanism of Bi oxidation, the cyclic voltammograms 
were recorded at different scan rates from 5 mV s-l to 100 mV s-l (Fig. 5). All 
peak currents were found to be linear with ul/* (see inset to Fig. 5 for a 
representative plot of j,,, as a function of u ‘I*) indicating that the oxidation is , 
diffusion controlled. 
CONCLUSIONS 
The reactions of Bi in alkaline media (pH > 14) can be summarized as 
Bi” A,B- BiO; + BKOH), Electrochemical 
b Bi4+ Electrochemical 
2Bi4+ 
71: 
Bi3+ Chemical reduction 
Bi’+ Chemical oxidation 
Bi5+ - Bi3+ 
Bi3+ 2 Bi” 
Electrochemical 
Electrochemical 
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